Abstract. We calculate the electronic structure of 3d impurities in niobium and molybdenum. Our calculations rely on the local density approximation of density functional theory. Assuming a muffin-tin description of the atomic potentials, the impurity potential and the ones of the nearest neighbours are calculated self-consistently while the embedding of this perturbed cluster into the host is described correctly by the KKR-Green function method. In molybdenum we find rather large local moments for Mn. Fe and C O impurities. Surprisingly, in niobium we also obtain similar large moments for Cr, Mn and F e impurities. Whereas the results for 3d impurities in MO agree very well with the experimental data. a serious disagreement exists for the niobium case which is not understood.
Introduction
Due to the development of Green function methods it has recently become feasible to perform realistic and parameter-free calculations for point defects in metals [ 11 or semiconductors [2] . This method allows the band structure of the host as well as the localised perturbation induced by the defect to be taken fully into account. Using a Green function technique based on the KKR band-structure method we have performed detailed calculations for magnetic 3d impurities in Cu [ 1, 3] , Ag [ 11 and AI [4] . Impurities in Nb and MO are further interesting cases since they represent transition-metal-transition-metal systems. They are also interesting from a historical viewpoint since they were studied in the pioneering work of Matthias et a1 [5] and Clogston et a1 [6] which initiated the development of the Anderson model [7] . Yet very little work has been done with these systems since; in following years most efforts were concentrated on noble-or simple-metal hosts. We have recently investigated the electronic structure of 3d and 4d impurities in Nb and MO [8] using the KKR-Green function method in the single-site approximation where only the impurity atom is described by a perturbed muffin-tin potential in an otherwise perfect host muffin-tin lattice. The calculations contained considerable uncertainties. For instance, we could not decide if Fe impurities in Nb are magnetic or non-magnetic. According to the pioneering work of Matthias et a1 [5] Fe impurities are magnetic in MO, but non-magnetic in Nb. This is also believed to be true for other 3d impurities, e.g. Mn.
In this work we extend the previous calculations and also include the effects of the perturbed neighbouring host potentials, which are determined self-consistently. In the meantime, cluster calculations by a Russian group [9] have appeared showing that Fe in f Permanent address: Physics Department, Middle East Technical University, Ankara, Turkey.
Nb is non-magnetic. However, in this paper we come to a very different conclusion. We find Fe impurities in Nb, as well as Mn and Cr impurities, to be strongly magnetic and the calculations show no large differences between the Nb and MO host. The theoretical results for the MO host agree very well with the-experimental data. On the contrary, for Nb the results are in conflict with most of the experimental information, except the recent measurements of Roy ef a1 [ 101. We discuss possible reasons for this disagreement.
Calculational method
Our calculations are based on density functional theory. We employ the local density approximation of von Barth and Hedin, with the constants as determined by Moruzzi et a1 [ 111. The atomic potentials are assumed to be of muffin-tin form. In the first part of the calculation the host's Green function has to be determined. Using the self-consistent host potentials as determined by Moruzzi et ai [ 111, we generate the band structure by the KKR method and then determine the imaginary part of the Green functions by Brillouin zone integration. The real part is determined from the imaginary one by a Kramers-Kronig integration. For details we refer to [ 1, 31. The second part of the calculation concerns the genuine impurity problem. We allow the impurity potential as well as the potentials of the eight neighbouring host atoms to be perturbed. In order to describe the scattering at this cluster of perturbed potentials we have to solve an algebraic Dyson equation for the defect Green function. To reduce the size of the matrices involved we employ group theoretical methods. The potentials of the impurity and the nearest-neighbour host atoms are determined self-consistently by iteration. In order to evaluate the charge density we use the method of complex energy integration, so that the radial equations for the wavefunction as well as the Dyson equation for the structural Green function are only solved for complex energies. For more details about the calculational procedures we refer to [3] .
Results and discussions
The most important results of our calculations are summarised in table 1 for the case of the MO host and table 2 for the Nb host. The sum of the number of s and p electrons of Table 1 . 3d impurities in MO, giving the sum of the s and p electrons, the d electrons and the local moment Vloc in the impurity Wigner-Seitz sphere. M,, denotes the moment of a neighbouring host atom and M,, the total moment of the embedded cluster consisting of the impurity and the eight nearest neighbours. Q,, is the charge transfer into the impurity Wigner-Seitz sphere. i.e. the deviation from charge neutrality, and Q,, is the corresponding quantity for the embedded cluster. the impurity, the corresponding number of d electrons and the local moment MI,, of the impurity are given. These quantities refer to the impurity Wigner-Seitz sphere. M,, denotes the moment of a nearest-neighbour atom and M,, the local moment of the cluster consisting of the impurity and its eight nearest neighbours. Qloc is the charge transfer into the impurity Wigner-Seitz sphere. It steadily increases through the 3d series up to a maximum value of about one for Ni impurities. It is always somewhat larger for Nb than for MO as host. The 'cluster neutrality' Qcl is the sum of the nuclear and electronic charges inside the cluster. Since Qcl is small, we see that the impurity is well screened inside the cluster. The local properties of the impurities should therefore be well described in our calculation.
Of all 3d impurities, we find that only Mn, Fe and CO are magnetic in molybdenum with rather large moments of 3 . 2 0~~ for Mn, 3 . 4 1~~ for Fe and 2.42 pug for Co. In niobium Cr also has a local moment of 2.33 p g , while the moments of Mn (3.53 p g ) and Fe ( 3 . 2 0~~) are rather similar to those in molybdenum. In contrast, the CO moment is considerably reduced. In order to demonstrate the similarity of the results, the local moments for both hosts are plotted in figure 1 across the 3d series. The parabolically shaped curve is slightly shifted to the left for Nb, so that the maximum moment occurs for Mn instead of Fe in the case of MO.
We would like to stress that the parabolic dependence seen in figure 1 is just what one expects from simple model calculations based on the Anderson or Wolff model as has been thoroughly discussed by Moriya [ 121. These model calculations are not very sensitive to the details of the densities of states (DOS), so that one would not expect large differences due to the differences of the DOS between Nb (figure 2(a)) and MO ( figure 2(b) ). Our present results for MO are in reasonable agreement with the single-site results presented earlier [8] . The values for the local moments in MO lie between the two data sets obtained in [8] for the two different model potentials used (i.e. with and without satisfying the Friedel sum rule). For the Nb host the present values are, however, considerably higher than the values obtained for both model potentials in [8] . Especially surprising is the very large Fe moment. In addition CO is also magnetic. Recently Postnikov et a1 [9] have performed cluster calculations for the MoFe and NbFe systems. The authors give a moment of 3.09 p~ for Fe in MO, somewhat smaller than our value of 3.41 p~, and a vanishing moment for Fe in Nb, in apparent agreement with the experiment. We do not know the exact reason for the discrepancy in comparison with our present results. One reason might be that the cluster calculations are not really self-consistent. For instance the impurity is considered as locally neutral and no charge transfer into the impurity Wigner-Seitz sphere is allowed. In contrast, our fully self-consistent calculations yield a large charge transfer to the 3d impurity: 0.75 electrons for Mn and 0.86 electrons for Fe impurities in Nb. Another (6) show the LDOS in the impurity Wigner-Seitz spheres for Mn and Fe impurities in MO. As has been discussed in [8] the topological structures of the impurity density of states are similar to the host DOS, only the weights of the DOS are shifted. For instance, for the majority DOS of Mn the three lower tz,-like peaks are quite analogous with the corresponding peaks of pure MO ( figure 2(b) ) whereas the higher e,-like peak, which is empty for pure MO, is now shifted to lower energies into the region where the host DOS is minimal, and is partially occupied. In contrast, for the minority DOS the weights are shifted to the higher unoccupied eg peak. This behaviour of the impurity DOS is quite different to the spin-split virtual-bound-state behaviour of 3d impurities seen in noble or simple metals [ I , 3,4] . When we proceed in the 3d series from Mn in MO to Fe in MO ( figure 3(b) ) we see that the weights in both DOS are shifted to lower energies. Note that for Mn in MO the majority d DOS is not yet filled up, so that the additional d electron of Fe is partially accommodated in the local majority band and partially in the local minority band, so that the local moment does not decrease, but increases slightly from 3.20 p B for Mn to 3.41 p g for Fe. This is quite unusual behaviour since normally Mn impurities have the largest moments of all 3d impurities. When we proceed further in the 3d series from Fe to CO in MO, the moment decreases to a value of 2.42 pg. This is quite plausible, since for Fe the majority d DOS is completely filled and the additional d electron of CO has to be accommodated in the minority band, thus diminishing the local moment by 1 pB. Figures 4(a) and (b) show the LDOS for Mn and Fe impurities in Nb. The shapes of the DOS are rather similar to the MO case. The local moment of Mn is somewhat higher in Nb ( 3 . 5 3~~) than in MO ( 3 . 2 0~~) , since the local majority band is slightly more and the minority band is considerably less filled. Then when progressing from Mn in Nb to Fe in Nb, the number of minority electrons increases more than the number of majority ones and the local moment decreases to 3 . 2 0~~.
An important difference between the results for the Nb host and the MO host is the polarisation of the neighbouring atoms. For Nb we obtain a strong antiparallel polarisation, leading to a considerable reduction of the cluster moment M,, compared with the local impurity moment. In contrast, for MO we obtain a parallel polarisation for Fe and CO and a weak antiparallel polarisation for Mn. This large difference for two hosts that are neighbours in the Periodic Table is surprising. It can be explained as follows. First, the calculation shows that the minority electrons on the neighbouring sites do not lead to the 3 .
2 - spin polarisation of Nb, i.e. the number of spin1 electrons is unchanged with respect to pure Nb. Figures 5(a) and (b) show the change of the majority density of states of a nearestneighbour Nb and MO atom, being adjacent to an Fe impurity. The shape of the curves is very similar. For low energies we see a positive contribution which can be interpreted as arising from bonding states between Fe? and N b t (also F e t and M o t ) . The three negative contributions are due to the reduction of the host peaks at these energies. The strong positive contribution arises from antibonding orbitals between Fe t and N b t (also Fe? and M o t ) . The major difference is that this peak is above EF for Nb, but below EF for MO. As a result for Nb the missing antibonding majority electrons lead to an antiparallel spin polarisation on the neighbouring sites, which is therefore a direct consequence of the lower Fermi energy of Nb. A limitation of our calculations is that lattice relaxations are not included. 3d atoms are, in general, smaller than 4d ones, therefore one expects the neighbouring host atoms to move inward. The effective local compression of the host atoms should tend to reduce the local impurity moments. In order to estimate this effect we have performed calculations for Fe impurities in a compressed Nb lattice, simulating the local compression by a homogeneous one. For small compressions, up to about 3-4%, we obtain a linear decrease of the local moment with decreasing lattice constant a.
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Thus a 3% inward relaxation should reduce the local Fe moment by 11% (from 3 . 2 0 ,~~ to 2 . 8 4 ,~~) .
For larger relaxations (7%) the local moment decreases very fast. For a 10% relaxation we obtain a vanishing moment.
There is very little information about lattice relaxations around point defects in the literature. From lattice-constant measurements of the dilute NbFe system, a volume change of -0.38 elementary volumes per Fe atom is reported [ 131. However it is very difficult to estimate the relaxation of the first shell from this macroscopic value, since Nb is elastically rather anisotropic and has considerable phonon anomalies. In recent years a microscopic determination of the nearest-neighbour relaxation has become feasible using EXAFS measurements. Such experiments have recently been carried out for a large number of different alloy systems [ 141. For Fe in Nb the data analysis turned out to be impossible due to the lack of suitable reference systems. Judging from the large number of results for substitutional point defects, lattice relaxations larger than 3-4% seem to be rather unlikely. If this is true for Fe in Nb, our calculation suggests a rather large Fe moment, which is not considerably reduced by lattice relaxations. For Mn and Cr in Nb the relaxations can be assumed to be smaller than for Fe due to the larger extent of the impurity d orbitals. Because the lattice constant for MO is 5% smaller than for Nb the 3d impurities should have smaller relaxations in MO. Therefore for the other magnetic systems studied here lattice relaxations should be less important than for Fe in Nb.
The experimental information about 3d impurities in MO and Nb is not very extensive. The best information exists for the MoFe alloy. Maley and Taylor (an 'effective moment' of 2 . 4 ,~~ respectively). MoMn is a spin-glass system [18] , but no definite value for the moment seems to be known. By contrast, Ni as well as Ti, V and Cr seem to be non-magnetic [ 191. Our calculations for the MO host apparently describe these trends correctly.
In contrast, for the Nb system the calculations are in disagreement with most of the experimental information. Since the pioneering work of Clogston et a1 [ 5 , 6 ] it has generally been believed that 3d impurities are non-magnetic in Nb [20] . No resistivity anomalies are found at low temperatures and the measured susceptibilities are rather flat. Moreover the superconductivity of Nb doped with 3d impurities is not appreciably suppressed as one would expect for magnetic impurities. Nevertheless Buchanan et al [21] and Roy et al [ 101 have recently presented superconductivity and susceptibility measurements for dilute Nb and V alloys from which they conclude that both Cr and Mn impurities are magnetic. The estimated moments, e.g. 0.34 f 0.06 p B for Cr in Nb and 0.86 f 0.02,uB for Mn in Nb, are, however, appreciably smaller than the moments we calculate. The situation is therefore rather confusing. In our theory the essential approximations are the local spin density approximation and the neglect of lattice relaxation. Extrapolating from the well known success of the local density approximation in predicting moments in metals and alloys it seems to be rather unlikely that our calculations could be so grossly in error. The effects of lattice relaxations also do not seem to be big enough to explain the difference. Therefore one might think that the problem could be on the experimental side. Susceptibility measurements for magnetic impurities in transition metals are difficult to interpret, since the impurity also affects the paramagnetic host susceptibility, an effect which is normally neglected. Also the solubility of Fe in Nb is rather small [22] while at the same time the diffusion is abnormally fast [23] . Therefore clustering could play a role. Fe impurities might form small antiferromagnetic clusters, so that no macroscopic moment would be detected. Clearly these ideas are only speculations and more experimental work seems to be needed. Also improved calculations concerning the magnitude and the consequences of lattice relaxations for the local moments are desirable.
